Polymorphisms at di-, tri-, and tetranucleotide microsatellite loci have been analyzed in 14 worldwide populations. A statistical index of population expansion, denoted S k , is introduced to detect historical changes in population size using the variation at the microsatellites. The index takes the value 0 at equilibrium with constant population size and is positive or negative according to whether the population is expanding or contracting, respectively. The use of S k requires estimation of properties of the mutation distribution for which we use both family data of Dib et al. for dinucleotide loci and our population data on tri-and tetranucleotide loci. Statistical estimates of the expansion index, as well as their confidence intervals from bootstrap resampling, are provided. In addition, a dynamical analysis of S k is presented under various assumptions on population growth or decline. The studied populations are classified as having high, intermediate, or low values of S k and genetic variation, and we use these to interpret the data in terms of possible population dynamics. Observed values of S k for samples of di-, tri-, and tetranucleotide data are compatible with population expansion earlier than 60,000 years ago in Africa, Asia, and Europe if the initial population size before the expansion was on the order of 500. Larger initial population sizes force the lower bound for the time since expansion to be much earlier. We find it unlikely that bottlenecks occurred in Central African, East Asian, or European populations, and the estimated expansion times are rather similar for all of these populations. This analysis presented here suggests that modern human populations departed from Africa long before they began to expand in size. Subsequently, the major groups (the African, East Asian, and European groups) started to grow at approximately same time. Populations of South America and Oceania show almost no growth. The Mbuti population from Zaire appears to have experienced a bottleneck during its expansion.
Introduction
Advances in DNA technology have facilitated the study of evolution of many species (Hoelzel 1998) and particularly the history of human populations. Most of these studies emphasize the unique role of the sub-Saharan African populations in the evolution of modern humans and strongly support the out-of-Africa hypothesis for the origin of modern humans (e.g., Cann, Stoneking, and Wilson 1987; Vigilant et al. 1991; Bowcock et al. 1994; Goldstein et al. 1995a Goldstein et al. , 1995b Horai et al. 1995; Jorde et al. 1995; Stoneking 1997) . Genetic data have also led to the suggestion that modern human populations expanded recently (e.g., Rogers and Harpendingleft Africa or after, or was there an intervening bottleneck?
An alternative to this out-of-Africa hypothesis, the multiregional hypothesis, holds that the major human subgroups evolved in situ after an original expansion some 800,000 years ago, with the current similarity of human populations being due largely to gene flow (Wolpoff 1989; Frayer et al. 1993 ). This contrasts with the idea of an African origin for modern humans who replaced earlier populations between 30,000 and 100,000 years ago (Stringer and Andrews 1988) .
The dynamics of genetic diversity depend on many population parameters that are difficult to estimate. In order to decide among the above alternatives, a large set of genetic markers is essential, as are statistics for the analysis of these data that are sensitive to some key parameters and insensitive to others. We also need a dynamic model to predict the behavior of these statistics in ways that allow choices from the above options to be made. Our use of the term ''population expansion'' refers to an increase in size rather than an increase in space.
Recently, Reich and Goldstein (1998) (see also Reich, Feldman, and Goldstein 1999) suggested two tests to determine whether population data for a set of microsatellite loci exhibit signs of population expansion. The first test examines the magnitude of a linear combination of the squared variance, the variance, and the fourth central moment of the repeat scores at each locus. If a sufficiently large number of values of this statistic across a set of loci are negative, then a history of population expansion is indicated. Their second test compares the variance across loci of the variance in repeat scores within a locus with its expectation under a single stepwise model as found by Zhivotovsky and Feldman (1995) . The first test, a within-locus test, applied to the FIG. 1.-Examples of the dynamics of the expansion index S k in a growing population and in a population after a fivefold population size reduction in the initial generation. Parameters are k ϭ 5w, w ϭ 0.001, and a ϭ 0.002. Crosses: N 0 ϭ 5,000, N 1 ϭ 5,000, I ϭ 1,000; diamonds: N 0 ϭ 5,000, N 1 ϭ 1,000, I ϭ 1. dinucleotide data of Bowcock et al. (1994) showed no sign of historical population expansion, although there was a suggestion of expansion from tetranucleotide polymorphisms in two southern African populations. The second test, an interlocus test, showed signs of expansion in the African data of Bowcock et al. (1994) . This expansion is estimated to have occurred between 49,000 and 640,000 years ago.
In this paper, we present an alternative to the within-locus test, a statistic that is motivated by the expected value of the fourth central moment in a general symmetric stepwise mutation model for microsatellite evolution. This statistic, which we call S k , is expected to be 0 at equilibrium with constant population size and is positive or negative according to whether the population is expanding or contracting, respectively. The use of S k requires estimation of properties of the mutation distribution, and we use data obtained by Dib et al. (1996) for this purpose. Observed values of S k for samples of di-, tri-, and tetranucleotide data are compatible with population expansion earlier than 60,000 years ago in Africa, Asia, and Europe if the initial population size before the expansion was on the order of 500. Larger initial population sizes force the lower bound for the time since expansion to be much earlier. We find it unlikely that bottlenecks occurred in Central African, East Asian, or European populations, and the estimated expansion times are rather similar for all of them. Populations of South America and Oceania show almost no growth in their history. Alternatively, they could slowly grow but had a severe bottleneck. The Mbuti population from Zaire appears to have experienced a bottleneck during its expansion.
Materials and Methods Data
We used data on variation at dinucleotide microsatellites (Bowcock et al. 1994) , as well as tri-and tetranucleotide loci (unpublished data). The loci used are the following: 29 dinucleotide loci (CA repeats) on  chromosomes 13 and the 15-D13S270, D13S126,  D13S119, D13S118, D13S125, D13S144, UTSW1523,  ACTC, D15S171, D15S169, D13S133, D13S137,  D13S227, GABRB3, D13S192, D13S193, HLIP,  D15S98, D15S97, D15S100, D15S101, D13S115,  D15S95, D15S108, D13S71, D15S102, D15S117,  D15S148 , and D15S11 (note that locus FES from the original data set by Bowcock et al. [1994] has been removed since it is a tetranucleotide); 22 unlinked trinucleotide loci (ATA repeats)-D1S1589, D2S1353,  D3S2409, D4S2394, D5S652, D6S1027, D7S2842,  D8S1459, D9S910, D10S1223, D11S2362, D12S1045 , D13S777, D14S597, D15S652, D16S748, D17S1297, D18S843, D19S583, D20S473, D21S1440, and D22S1045; 21 unlinked tetranucleotide loci (GATA repeats)-D1S1612, D2S1399, D3S1746, D4S1627, D5S816, D6S474, D7S820, D8S1179, D9S925, D10S1237, D11S1999, D13S317, D14S606, D15S659, D16S540, D17S1290, D18S535, D19S253, D20S470, D21S1436, and D22S691.
All data were obtained from the same samples, representing 14 regions around the world (see the map in Barbujani et al. 1997) At least 8 chromosomes (up to 30) per sample were scored. The trinucleotide locus D15S652 was not represented in CAM, and locus D6S1027 was not in the SUR sample. The dinucleotide locus D15S98 was not represented in SUR. We omitted data for the dinucleotide locus GABRB3 in ITA and D15S101 in NGN because of small sample sizes (4 and 2, respectively).
Additionally, we analyzed the distribution of variances in allele size of the 14 samples across all loci for each type of microsatellite and found two outliers in the value of variance in CAR: the trinucleotide locus D10S1223 and the tetranucleotide locus D10S1237. These two observations were also omitted from the analysis. Nine outliers were found for dinucleotides, all from the same locus, D13S133. This locus was removed from all analyses, leaving the actual number of dinucleotide loci analyzed at 28.
Model
For this analysis, we expand our previous model of microsatellite variation (Zhivotovsky and Feldman 1995; Zhivotovsky, Feldman, and Grishechkin 1997) to include changes in population size. Consider a diploid population of size N 0 . At the initial time t ϭ 0 the population suddenly changes its size to N 1 (N 1 may be greater or less than N 0 ) and then remains at this size or starts to grow at time t 0 . If it grows, the population is assumed to follow the logistic law: NOTE.-Direct estimates for dinucleotides were obtained using data by Dib et al. (1996) ; thus, w ϭ 2.45 ϫ 6.2 ϫ 10 Ϫ4 ഠ 15.2 ϫ 10 Ϫ4 for dinucleotides. Indirect estimates for tri-and tetranucleotides are based on expressions (2) in the text. The errors were obtained by bootstrapping over loci (10,000 runs) and then averaging over populations.
a By Dib et al. (1996) . b Obtained using data by Dib et al. (1996) .
Ϫ 1 ϩ exp a(t Ϫ t 0 )), where a is the growth rate and I is the factor by which the population size ultimately will exceed N 1 . (In the case of no sudden change, t 0 ϭ 0 and
The markers studied are subject to a stepwise mutation scheme in which we assume that mutations occur at rate without bias, so that the expected size of each allele is the same as that of its parental allele. 
Statistical Analysis
We used standard statistical methods described elsewhere. To obtain evolutionary stochastic errors and confidence intervals, bootstrapping over loci was used (Efron and Tibshirani 1993; Weir 1996) .
Results

The Expansion Index
In order to test whether the data suggest that population expansion has occurred, we use the following statistic, which we call the expansion index. It is computed from the ratio of estimates of the kurtosis and the squared variance:¯K
Here, and K and V are the unnormalized
kurtosis (the fourth central moment) and the variance of allele sizes in the population, estimated from a sample and corrected for sampling bias (see Cramer 1946) , then averaged over loci (separately for di-, tri-, and tetranucleotide microsatellites). The index S k is based on the relationship between the variance and the kurtosis in a population at mutation-drift equilibrium derived by Zhivotovsky and Feldman (1995, eq. 8 ). Since at equilibrium S k is expected to be 0, the deviation of S k from 0 can indicate that the population size has changed if the population was in equilibrium before the expansion. The dynamic analysis of S k is given in terms of equation system (5) of the appendix. In particular, numerical analysis of system (5) shows that S k is expected to be positive in a growing population and is expected to be negative if the effective population size is decreasing. Figure 1 demonstrates two trajectories for S k , one (a) in which the population grows exponentially from the outset, and another (b) in which there is a sharp reduction in the population size followed by exponential growth. The former produces a positive S k and the latter a markedly negative S k through 10,000 generations. The statistic introduced by Reich and Goldstein (1998) to reveal the history of population growth is based on a function that is linear in the kurtosis and quadratic in the variance. Their approach allowed a test of the null hypothesis of constant population size against the alternative that there was change in population size. In our analysis, we use dynamics of the index S k to infer properties of possible expansions and to estimate the initial time of population expansion. We study the variance, V, and S k simultaneously because they can reveal different aspects of the population expansion history.
In using dynamical analysis of the statistics V and S k to interpret their observed values, we assume that the population was at equilibrium in the initial generation prior to expansion, a common assumption in evolutionary history analyses. To this end, we calculate the expectation of the population trajectory with respect to the distribution in the population at the initial generation at equilibrium (see the appendix), which enables us to estimate the expansion index S k by computing in equation (1) the statistics V and K averaged over loci carrying the same kind of microsatellites.
Estimates of Mutation Parameters
There are few experimental data that permit direct estimation of mutation parameters for microsatellites with tri-and tetranucleotide repeats. Dinucleotide markers are most appropriate for this, because there already exist data on more than 5,000 dinucleotide polymorphisms (Dib et al. 1996) . Dib et al. (1996) analyzed mutation events (including those due to ''double recombination'') and estimated the mutation rate as 6.2 ϫ NOTE.-The standard error for the mean variance was computed for each population based on the squared standard deviation among loci averaged over populations. The mean values were compared by a one-tailed Student's t-test (Sokal and Rohlf 1995, p. 404) . 2 m Properties of the parameters for the other kinds of microsatellites can be assessed from sample moments. It can be shown that the dynamics over time of the ratios of values of 1 Ϫ S k are nearly independent of mutation parameters within a moderate range. Also, it follows from equation (6) in the appendix that the ratio of variances computed for two kinds of loci does not depend on time and equals the ratio of the corresponding values of w. Therefore, we suggest the following estimators of mutational parameters given values for dinucleotide loci:
where the subscripts D and T are used to distinguish values of the parameters for dinucleotides and those for tri-and tetranucleotides, respectively. The numerical estimates are presented in table 1 and suggest that the effective mutation rate for dinucleotides is almost twice as high as that for tri-and tetranucleotides, the value close to that inferred from genetic distances and variances (Feldman, Kumm, and Pritchard 1999 form of equation (2) is taken from the equilibrium situation with constant population size as obtained by Zhivotovsky and Feldman (1995) . Although Weber and Wong (1993) reported a higher mutation rate for a small set of tetranucleotides, this does not contradict our data since w T and w D in equation (2) refer to the effective mutation rate. (Our findings agree with Chakraborty et al. [1997] , who estimated that dinucleotides have higher mutation rates.) Fortunately, the dynamics of the index S k depend only weakly on k m / (data not shown), and 2 m therefore their values can be averaged over different kinds of microsatellite loci.
Estimates of the Within-Population Variance
Previous studies of mtDNA and microsatellite polymorphisms have demonstrated that African populations have greater variation than non-African populations (Cann, Stoneking, and Wilson 1987; Vigilant et al. 1991; Bowcock et al. 1994; Horai et al. 1995; Armour et al. 1996; Tishkoff et al. 1996; Jorde et al. 1997; Stoneking et al. 1997) . We averaged the variances over loci and populations (within and outside of Africa) and found significantly greater variance in allele size among Africans (table 2), in agreement with Jorde et al. (1997) . More detailed information on the variances in the 14 populations is contained in tables 3 and 4. We conclude from these data that according to the size of the variance, V, the populations can be grouped into three major clusters: high (Africans), intermediate (Europeans and East Asians), and low (Amerindians and Oceanic) genetic variance (table 4).
Estimates of the Expansion Index
Generally, the increase in allele size variance correlates with the increase in the value of the expansion index S k : the correlation coefficient between average V NOTE.-The estimates of the expansion index S k and the genetic variance V were obtained by averaging over di-, tri-, and tetranucleotide loci. The standard errors and the confidence intervals were obtained by bootstrapping over loci (10,000 runs). The regional clusters are those used by Goldstein et al. (1995b) NOTE.-The population is assumed to be at equilibrium prior to expansion with initial size N 0 and then to grow logistically. Parameters used in the iteration are as follows: a ϭ 0.002, final population size ϭ 5 ϫ 10 5 , generation time ϭ 25 years, effective mutation rate w ϭ 0.0011, and k m / ϭ 4.2 (the two latter 2 m values are the averages of the corresponding estimates for di-, tri-, and tetranucleotide loci; table 1). and average S k in table 3 is 0.58, corresponding to a general finding from our analysis that both V and S k are increasing in a growing population. Indeed, the values of genetic variance V in Central Africans, Europeans, and East Asians are highest, and these sets of populations show higher values of the expansion index than the other populations, especially Amerinds and Melanesians, whose 95% confidence intervals include zero (table 4). It is important to note that statistics for the different kinds of microsatellite loci are not highly correlated and show some differences. In particular, the pairwise correlation coefficients, di ϫ tri, di ϫ tetra, and tri ϫ tetra, between di-, tri-, and tetranucleotide loci in the point estimates of S k (table 3) are 0.39, Ϫ0.10, and 0.50, respectively. Also, the Italian sample shows a rather small estimate of S k at dinucleotide loci compared to those at tri-and tetranucleotide loci, whereas the sample from Zaire shows the opposite tendency (table 3) . This can be due to large standard errors for the estimates of S k (table 3) or to different properties of different microsatellite loci. These differences might change with an amount of data on tri-and tetranucleotide loci comparable with those for microsatellites with dinucleotide repeats (Dib et al. 1996) .
Although the expansion index and the variance are correlated, their correlation is moderate (0.58), and V and S k may react differently to the changes in population size and have different patterns in different populations. In particular, the Mbuti population shows highest genetic variation but a lower value for the expansion index compared with those for Central Africans, Europeans, and East Asians (table 4). According to the values of S k , particularly the lower bound of the confidence intervals for S k , the populations can be grouped into three clusters: high (Central Africans, Europeans, and East Asians), intermediate (Mbuti Pygmies and Sahulanders), and low (Amerindians and Melanesians) (table 4).
The Dynamics of the Variance and the Expansion Index
The dynamics of the genetic variance V and the expansion index S k over time depend weakly on the rate of increase of population size and the final population size (data not shown). Only extreme differences in the rate of increase in population size produce substantial differences in the statistics ( fig. 2) .
S k and V differ from each other in their dependence on the model parameters. In particular, the effective mutation rate w greatly affects the variance but not the expansion index if w does not change over time ( fig. 3 ). This can be interpreted in terms of loci having different mutation rates: the values of S k are similar for different kinds of loci having different effective mutation rates (e.g., for di-, tri-, or tetranucleotide types), unlike the values of V. Indeed, as can be seen in tables 2 and 3, the arithmetic mean of the genetic variance V computed over the 14 populations is greater for dinucleotide loci than for tri-and tetranucleotides (5.90 vs. 3.14 and 3.44, respectively), and this suggests a higher effective mutation rate for dinucleotides. At the same time, the arithmetic means of S k are almost identical for these loci: 0.29, 0.28, and 0.31, respectively. However, if w changed when the population began to grow, both V and S k would grow faster with larger values of w (data not shown).
Importantly, N 0 has opposite effects on the dynamics of V and S k : the lower N 0 , the slower is the increase in V, whereas S k increases faster with lower values of N 0 (fig. 4) . A bottleneck just before population growth may greatly affect both V and S k ( fig. 5) . However, if a bottleneck occurs during population expansion, it may greatly influence S k but affect V only slightly ( fig. 6 ).
Using the average values of the mutation parameters given in table 1, estimates of expansion time can be computed from system (5) for a given initial population size N 0 and an observed value of S k , assuming logistic population growth ( moderate values (N 0 Յ 2,000 and S k Յ 0.20), the estimates of expansion time do not exceed several dozens of thousand years, whereas higher values of S k can only be explained by much earlier population expansion. Moreover, in the latter case, the estimates of expansion time are not robust with respect to S k because, as seen from figure 4 and table 5, the estimate of expansion time is a steep function of S k beyond 0.30-0.35.
Discussion
Our estimates of the expansion indices have rather wide confidence intervals (table 4). The upper bounds for these estimates cannot be used for any reliable conclusion. Indeed, all but one exceed 0.40 (table 4) , and if the upper bound of S k is greater than about 0.35, there is no satisfactory interpretation for the upper bound of the time since expansion occurred (table 5). To be reliable, estimates of the expansion time should have much narrower confidence intervals and, therefore, be based on hundreds of microsatellite loci, a conclusion already suggested for estimates of divergence time (Zhivotovsky and Feldman 1995; Goldstein et al. 1996 ; see also Jorde et al. 1997) . We agree with Penny et al. (1995) that more attention should be paid to lower bounds for time estimates, and therefore we focus on the point estimates of the expansion time (plug-in estimates) and their lower confidence bounds.
The similarity in values of the expansion index S k in Central African, European, and East Asian populations (table 4) might be due to the populations being genetically well established before they began to expand in size; that is, they were nearly at mutation-drift equilibrium. We cannot discard the possibility that each of these populations had a nearly constant effective population size for a very long time before their expansion. The first important conclusion that follows from table 4 is that the African, European, and East Asian populations started to grow at nearly the same time. This conclusion does not contradict the multiregional hypothesis. It is also compatible with the out-of-Africa hypothesis if it is assumed that separation of major continental groups preceded their FIG. 4. -Dynamics of the variance, V, the expansion index, S k , and the population size, with a different initial population size but the same final population size (5 ϫ 10 6 ). k ϭ 5w, w ϭ 0.001, and a ϭ 0.002. Crosses: N 0 ϭ 500, N 1 ϭ 500, I ϭ 10,000; diamonds: N 0 ϭ 2,000, N 1 ϭ 2,000, I ϭ 2,500; circles: N 0 ϭ 5,000, N 1 ϭ 5,000, I ϭ 1,000. expansion in size. Pritchard et al. (1999) also did not find evidence of major differences in the pattern of expansion between Asia, Africa, and Europe.
The second important conclusion that can be drawn from our results is that it is not necessary to assume a bottleneck prior to or soon after expansion in order to explain the observed pattern of variation in microsatellites in Central Africa, Europe, and East Asia. Indeed, the expansion index values for these populations are similar (table 4) . If a bottleneck occurred in the non-African populations around the time at which expansion began but did not occur in Africans, a decrease in both V and S k below the Central African values would be observed in non-African populations ( fig. 5) . The absence of a significant bottleneck has also been suggested by Ayala and Escalante (1996) from their studies of the DQB1 locus of the human major histocompatibility complex.
A third important conclusion from our findings is that early modern humans may have had a low effective population size, on the order of a few hundred. Indeed, since the point estimates of S k for the Central Africans, Europeans, and East Asians are 0.38-0.40, with the lower 95% bound about 0.28 (table 4) , it follows from table 5 that several hundred thousand years would be required to achieve such values of S k if the effective population size were 5,000. In the framework of the multiregional hypothesis, our analysis suggests that initial effective population sizes prior to expansion would be 5,000 or larger. However, from the viewpoint of an African origin for modern humans who replaced earlier populations between 30,000 and 100,000 years ago (Stringer and Andrews 1988) , even N e ϭ 2,000 is still too large to be consistent with the data (tables 4 and 5). Only an effective size as small as 500 is compatible with the high values of S k observed in the main regions (tables 4 and 5). Also, as follows from tables 4 and 5, the lower 95% bound for the time of expansion of the Central Africans, Asians, and Europeans is about 60,000 years (assuming a generation time of 25 years) if their initial effective population size was 500 (table 6) . If the size had been larger, the expansion time would have a larger lower bound (table 5). Our estimate of the initial effective population size prior to expansion, N e ϭ 500, is close to the lower bound of Rogers and Harpending (1992) , Rogers (1995) , and Rogers and Jorde (1995) , who have estimated from mtDNA data that human populations expanded by more than 100-fold from an original size of between 1,500 and 7,000 breeding females. (A possible alternative explanation for high values of S k in the Central Africans, Europeans, and East Asians might be an increase in mutation rates in these populations. Such an increase could have been caused by some global environmental change at the time of expansion, or by other sources. This scenario should not be immediately excluded, although it does not seem likely.)
An initial effective population size of 500 might be thought to be too small within the framework of the outof-Africa hypothesis. However, this figure does not imply that each major group (Africans, East Asians, Europeans) was this small prior to its expansion. It is possible that a major group was divided into subpopulations (tribes), each of a few hundred, but only one of them became dominant and expanded, while the others went extinct. This scenario might be considered as a ''subpopulation'' version of the weak Garden of Eden hypothesis (Harpending et al. 1993) . Under the multiregional hypothesis, tables 4 and 5 would suggest that larger initial populations, of 5,000 or more, expanded much earlier, perhaps several hundred thousand years ago, with a lower 95% bound of about 300,000 years.
The estimates of S k in table 4 can be converted to estimates of expansion time for these particular populations. Table 6 shows the point estimates and their lower 764 Zhivotovsky et al. FIG. 5 .-Dynamics of the variance, V, the expansion index, S k , and the population size under a 10-fold bottleneck. N 0 ϭ 5,000, k ϭ 5w, w ϭ 0.001; the population size during the bottleneck is 500, and that after the bottleneck is 5,000. It then grows with a ϭ 0.002, I ϭ 1,000. Crosses: no bottleneck; diamonds: the bottleneck lasts 100 generations; circles: the bottleneck lasts 500 generations.
FIG. 6.-Dynamics of the variance, V, the expansion index, S k , and the population size under a severe bottleneck during population expansion. The population grows from the initial generation t ϭ 0 with N 0 ϭ 500, I ϭ 1,000, a ϭ 0.002, and then drops to N ϭ 200 at generation tЈ ϭ 1,000. Then it remains constant until generation t 0 . After t 0 , it again grows with N 1 ϭ 1,000, I ϭ 1,000, a ϭ 0.002. (Mutational parameters are k ϭ 5w, w ϭ 0.001). Crosses: the length of the bottleneck, t 0 Ϫ tЈ, is 1 generation; diamonds: t 0 Ϫ tЈ ϭ 50 generations; circles: t 0 Ϫ tЈ ϭ 200 generations.
95% bounds assuming an initial population size of 500 individuals and logistic population growth. We notice that greater initial population size and/or a bottleneck prior to or during expansion can only increase the estimates of time since expansion occurred, because these factors decrease the value of S k . Recall that estimates of expansion time are not robust with respect to changes in S k beyond 0.30-0.35. The lower-bound estimates should be more reliable, especially for interpretation of data on the major groups (Central African, European, and East Asian), which have large values of S k (table 4) .
The point estimates of the expansion time for the major groups (African, European, and East Asian) given in table 6 are large, more than 400,000 years, with a lower 95% bound of about 60,000 years. A possible scenario might be that the African populations began to grow much earlier, before the emergence from Africa, and that a possible decline in population size among the migrants was rapidly reversed after emergence. However, a striking finding is that while the European and East Asian populations have similar values of S k , which are higher than those averaged over three African samples (Zaire and Central Africa; see table 4), both European and East Asian populations have similar values of V, which are lower than those in Africa. Because the establishment of variances requires some evolutionary time, a scenario according to which modern humans departed from Africa and migrated to East Asia and Europe with some reduction in effective population size, and then, much later, the African, East Asian, and European populations started to grow at approximately the same time is consistent with our estimates of population variance and the expansion index (table 4) and their predicted behavior (see fig. 4 ).
The lower-bound estimates in table 6 suggest that the African, East Asian, and European groups started to grow about 60,000 years ago or earlier. This estimate corresponds well with the estimates of expansion time given by Rogers and Jorde (1995) based on mitochondrial DNA differences: 33,000-150,000 years ago. In contrast, Pritchard et al. (1999) , using Y chromosome microsatellite polymorphisms, estimated that significant exponential population growth commenced much later, about 20,000 years ago. Note that our estimates of expansion time do not themselves reject the multiregional hypothesis, but even under that hypothesis, we would conclude that the times of expansion for the Africans, Europeans, and East Asians were similar. However, other genetic data, as well as archeological findings, strongly support the out-of-Africa hypothesis (Stringer and Andrews 1988; Stoneking 1997) .
The substantially lower value of S k in the Mbuti population of Zaire with V the same as in the rest of the African populations can be explained by a short-term bottleneck that could have occurred during the expansion (see fig. 6 ). Alternatively, the Mbuti population began to grow much later than the other African populations (table 6) . Low values of both V and S k in the populations from South America and Oceania (tables 3 and 4) are explained by their later expansion or a combination of slow growth with a bottleneck. Moreover, the lowerbound estimates suggest no significant expansion in their sizes (table 6). These conclusions are consistent with a recent human invasion of Oceania and, especially, America (see Ward 1997) .
Some Solutions
The solution for the expected value of the variance is obtained as where V 0 is the initial value of the allele size variance. Using a different approach, Kimmel et al. (1998) obtained the same result. Unfortunately, the variance of variances and the fourth moment cannot be represented as simply as equation (6). For a growing population, we therefore use numerical solutions. For the special case of sudden expansion in population size, the expressions for analytical solutions follow. Suppose that at the initial generation t ϭ 0, the number of repeats at a locus in the population has variance V 0 and the population size jumps from an initial size N 0 to a larger (or smaller) size N 1 . It follows from equation (6) that at time t the expectation of the withinpopulation variance of repeat numbers is
(7) where V 1 ϭ (2N 1 Ϫ 1)w is the equilibrium variance that would ultimately be achieved if the population size remained at N 1 . Expression (7) for a case with a more general mutation scheme including bias was obtained by Zhivotovsky, Feldman, and Grishechkin (1997, p. 931) ; formula (7) follows from this by setting to 0 the value of the bias parameter ␤. Expression (7) was also obtained by Pritchard and Feldman (1996) for the case of single-step mutation with the additional assumption of mutation-drift equilibrium at t ϭ 0. In the special case of a sudden population expansion, if one assumes N 1 so large that N 0 may be neglected, in the beginning of the process exp(Ϫt/2N 1 ) can be approximated by a linear function 1 Ϫ t/2N 1 , and then the change in the variance can be approximated by a linear function of time: V(t) ഠ wt. As time increases, the dynamic deviates from this linear approximation and will approach its limit V 1 .
Following Wolfram (1996) , expressions for the kurtosis and the variance of variances in the special case of an initial mutation-drift equilibrium at which V 0 , Var 0 , and K 0 are given by equation (8) of Zhivotovsky and Feldman (1995) are obtained as follows: 
